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ABSTRACT

The absorption of isotropic 300 K blackbody radiation by ice cryodeposits is ana-
lyzed theoretically. The analysis is based on the hypothesis that the cryodeposit re-
flects infrared radiation specularly. The effects of interfering and noninterfering mul-
tiply reflected waves are investigated. The main results of the analysis are predictions
of the absorptance as a function of cryodeposit thickness. The effect of interference is
to lower the cryodeposit absorptance for thicknesses less than 2 micrometers. Reason-
ably good agreement with available experimental data has been achieved over a wide
range of thicknesses (0. 2 to 400 um).
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ABSORPTION OF INFRARED RADIATION BY ICE CRYODEPOSITS
by Stephen V. Pepper

Lewis Research Center

SUMMARY

The absorption of isotropic 300 K blackbody radiation by ice cryodeposits on metal
substrates is analyzed theoretically. The analysis is based on the hypothesis that the
cryodeposit reflects the incident radiation specularly. This specular model is developed
using the equations of classical thin-film optics. The effects of both interfering and
noninterfering waves is investigated.

The analysis gave three main results: (1) The absorptance was essentially inde-
pendent of substrate reflectance and cryodeposit thickness for thicknesses greater than
100 micrometers. (2) For large cryodeposit thicknesses (> 20 um) on highly reflective
substrates, the absorptance varies inversely with cryodeposit density, while for thick-
nesses less than 20 micrometers, the absorptance varies directly with cryodeposit den-
sity. (3) Interference effects are important for thicknesses less than 4 micrometers.

At these thicknesses, the effect of interference is to lower the absorptance below that
which would be obtained for the noninterference case.

A comparison of the predicted absorptances with the available experimental data
yielded reasonable agreement both in magnitude and trends. However, the comparison
illustrates quite clearly the need for more accurate optical constants to determine the
mechanisms responsible for the experimental data. In addition, new experiments are
required to investigate interference effects, the effect of surface roughness, and, finally,
the degree of specularity achieved by a cryodeposit.

INTRODUCTION

The effect of cryogenic condensates (cryodeposits) on the operation of space simu-
lation chambers has been of interest for some time. Cryodeposits that form on the
cryogenically cooled shrouds in the interior of a space simulator consist mainly of solid
films of carbon dioxide and water. These deposits change the solar and infrared ab-



sorptance and reflectance of the shroud, thus altering the thermal environment of a test
model.

Cryodeposits may also form on the walls of cryogenic storage tanks in space.
Therefore, the absorptance of radiation by the tank, and thus the boiloff rate of the cryo-
gen, will depend on the radiative properties of the cryodeposit. If the tank is shielded
from various sources of radiation by shadow shields, the efficiency of shielding will de-
pend on whether cryodeposits are present and the nature of their radiative properties.

A number of investigations (refs. 1 to 4) have been conducted to measure the solar
or infrared absorptance or reflectance of cryodeposits on different substrates. The
main objective of these investigations was to obtain the absorptance or reflectance as a
function of cryodeposit thickness. In particular, the absorptance of 300 K, isotropic,
blackbody radiation by water and carbon dioxide cryodeposit films between 0. 1 and
200 micrometers thick has been measured by Caren, Gilcrest, and Zierman (ref. 2),
Young and Todd (ref. 3), and, most recently, by Merriam (ref. 4).

Previous attempts (refs. 2 to 4) to understand these experiments have utilized the
equations of radiative transfer in a scattering and absorbing medium. In this approach,
the interest is mainly on the cryodeposit defects such as voids and rough interfaces
which scatter the incident radiation. Such an analysis has proved valuable in under-
standing the reflectance of visible light by cryodeposits. However, radiative properties
of cryodeposits are affected by both the scattered and specular components of the re-
flected radiation. At present, it is not clear which component determines the behavior
of cryodeposits for incident infrared radiation. It is therefore of interest to investigate
analytically whether the understanding can be enhanced by a specular analysis.

An additional reason for performing a specular analysis is that it furnishes a rigor-
ous theoretical prediction that is a limiting case, valid in the absence of scattering. Any
deviation from the specular prediction can then be attributed to the effects of cryodeposit
defects. Furthermore, another important reason for making a specular analysis is that
the effects of wave interference, which are not easily incorporated into the equations of
radiative transfer, can be considered.

After the analysis presented herein was completed, Merriam (ref. 4) presented
an analysis approaching the problem using the general equations of radiative heat trans-
fer. In the absence of scattering, his analysis reduced to the specular theory without
wave interference. However, there are sufficient differences and interest in the two
approaches to warrant additional discussion. In particular, effects resulting from the
interference of multiply reflected waves within the cryodeposit are discussed herein.

Only ice cryodeposits are studied because the numerical evaluation of the theoretical
expressions requires a knowledge of the infrared optical constants of the cryodeposits.
The infrared optical constants of solid carbon dioxide are not available.



The experiments that are analyzed were reported by Caren et al. (ref. 2) and
Merriam (ref. 4). Their cryodeposits were vapor deposited on the walls of a calori-
meter tank at 77 K. The measured absorptance was defined as the ratio of the energy
absorbed by a boiling liquid in a calorimeter tank to the radiant energy incident on the
tank. An analysis of the calorimeter energy balance shows that this measured absorp-
tance is essentially 1 minus the reflectance of the cryodeposit-substrate complex (here-
inafter referred to simply as the cryodeposit complex). Therefore, the analysis pre-
sented herein derives the reflectance of the cryodeposit complex as a function of cryode-
posit thickness. The results of the theory are then compared with the experimental data
of Caren et al. and Merriam.

SYMBOLS
o cryodeposit absorptance
d cryodeposit thickness
J spectral distribution function for incident radiation
K component of propagation vector of electromagnetic field normal to surface
k extinction coefficient
n index of refraction
ﬁl complex index of refraction of cryodeposit
;12 complex index of refraction of substrate
R amplitude reflectance coefficient for cryodeposit
®R cryodeposit reflectance
ry Fresnel amplitude reflectance coefficient for vacuum-cryodeposit interface
Ty Fresnel amplitude reflectance coefficient for cryodeposit-substrate interface
T absolute temperature of radiation source
0 dK
A wavelength of incident radiation
o Stefan-Boltzmann constant
) angle of incidence
4 sin29



Subscripts:
P polarization parallel to plane of incidencé

s polarization perpendicular to plane of incidence

REFLECTANCE MODEL OF CRYODEPOSIT

The model developed is the simplest one possible: The cryodeposit is assumed to
be a specularly reflecting film on a specular substrate. The radiation scattered by
cryodeposit defects, such as voids and rough interfaces, is assumed to be negligible rel-
ative to the radiation specularly reflected. This model is the starting point of the anal-
ysis of the reflecting properties of any film system and may be rigorously developed.

A specular analysis of the reflectance must consider the possibility of interference
between the multiply reflected waves in the film. The magnitude of interference effects
depends on the thickness of the film and the effect of surface irregularities. Interfer-
ence effects in films are usually important if the wavelength of the incident radiation is
of the same order of magnitude as the film thickness. The incident 300 K blackbody ra-
diation has essentially all its energy concentrated in the wavelength interval from 2 to
200 micrometers. Since the film thicknesses used in the experiments under considera-
tion ranged between 0. 1 and 200 micrometers, the possibility of interference between the
multiply reflected waves was investigated.

Although interface irregularities have already been assumed to give rise to a neg-
ligible amount of scattered radiation, they can still serve to randomize the phase rela-
tions between the multiply reflected waves and thus diminish interference effects. How-
ever, the importance of these irregularities for interference phenomena decreases as
the film thickness decreases (refs. 5 and 6). Thus, interference effects should be pres-
ent for thin film thicknesses less than some given thickness. Unfortunately, the lack
of information about the interface profiles makes it impossible to state a precise thick-
ness for which interference becomes important. Under these circumstances, analysis
of the film reflectance based on both interfering and noninterfering waves is necessary.
If the theoretical predictions of the two cases differ greatly enough, a comparison with
experimental data may decide whether or not interference takes place.

THEORETICAL ANALYSIS

The total absorptance of isotropic blackbody radiation by a cryodeposit complex is

given by



«Z(d) = 1 - ®(d)

where @®(d) is the total reflectance of a cryodeposit complex of thickness d. Compari-
son with experiment requires an analytic expression for the total reflectance ®(d) to
be derived. For this purpose, the incident radiation is analyzed into a spectral and
spatial distribution of plane waves. The reflectance of these plane waves by an absorbing
thin-film system will then be obtained and integrated over the angle of incidence and
wavelength to obtain ®(d).

Consider first the spectral distribution of the incident radiation and let J()\) be the
spectral energy distribution function. Then, the total reflectance is given by

fooo J(A)&(d, A)dr

[ 3o

where ®(d, ) is the reflection coefficient for incident isotropic monochromatic radiation
at wavelength .

The monochromatic radiation may be further analyzed into an angular distribution of
plane waves. One such plane wave is depicted in figure 1. If £ = sin29, the spectral
reflection coefficient ®(d, A) is given by

®R(d) = (1)

1
@@, = f @@, @

where @®(d, 2, £) is the reflection coefficient for a monochromatic plane wave of wave-
length A incident on the cryodeposit complex at an angle 4.
The expression for the total reflectance thus becomes

R fl ®(d, A, £)dE dx
(R(d) - ——9 0 [ e
S 3

The analysis will only consider incident blackbody radiation at temperature T so that
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and

_/;)wJ(A)dA = oT?

where o0=5. 668'7>'<10'12 watt per square centimeter per K4 is the Stefan-Boltzmann con-

stant. In the expression for J(A), A is in micrometers and T in kelvin. The expres-
sion for the total reflectance is then

(>}
6.5999%101° 1 1

&(d) = -
- exp(12.388)_ 4,5
0 AT

The equations that describe the reflection of monochromatic plane waves by an ab-
sorbing thin-film system are well known. The formulation used here is that given by
Stern (ref. 7), which takes into account the extinction coefficient in both the film and the
substrate. The usual convention for polarized waves is used: the subscript s denotes
Quantities associated with plane waves whose electric vector vibrates normal to the
plane of incidence; the subscript p denotes quantities associated with plane waves
whose electric vector vibrates parallel to the plane of incidence. The incident radiation

®(d, X, £)ds dr (4)

is unpolarized, and, therefore,

®(d,2,8) = 0.5[R(d, 2, £) + ® (d, 2, £)]

Interfering Waves
For interfering waves, the reflection coefficients are given by

Bg(d, 2, £) = [Ry(d, 2, £)]

and

(A0, 8) = [R (4,2, 8)]?

where RS and Rp are amplitude reflectance coefficients. The expressions for RS and



Rp are obtained by defining the Fresnel amplitude reflectance coefficients for the
vacuum-ice and ice-substrate interfaces, respectively,
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where

ﬁl = nl()t) + ikl()‘)

and

ﬁ2 = ny(Q) + iky(R)



The quantities KO, Kl’ and K2 are the y-components of the propagation vectors of the
plane waves in vacuum, ice, and substrate, respectively. In the expressions for K1
and K2, the positive square root must be taken. The wavelength dependent complex in-
dices of refraction of the film and substrate are denoted as ﬁl and ﬁz, respectively;
n()) is the index of refraction, and k(A) is the extinction coefficient at wavelength A.

With the preceding definitions, the amplitude reflectance coefficients RS and R p
may be written as

2i6

r + T e
R (d, 1,5 = 528 o (52)
1
1+ rlsrzse
2id
Tr + T e
Ry(d, 1,8) = =20 (5b)
1
1+ rlpere

where 6= dKl' It may be shown that the limit of equations (5), as d approaches zero,
yields the correct single surface Fresnel coefficient for a bare substrate.
Noninterfering Waves

For the case in which the multiply reflected waves do not interfere, the reflectance
coefficients (Rs and (Rp are given by

Rg(d, 1,8) = [r1sl® #7ael? (1 - 2Rex? Joxp(-49mo)

(6a)
1- lrlslzlrzsj 2exp(-4 )

I2+ lr2p|2<1 -2Re r%p)exp(-4ﬂ#t6)

1- ,r1p|2|r2p|2exp(-4ﬂma)

(6b)

@._(d,2\£) = Irlp
p b 2

In equations (6), Re denotes the real part of a quantity and Jm denotes the imaginary
part of a quantity. For the special case of identical media on both sides of the film,
equations (6) reduce to those given by Bell (ref. 8). It can be shown that, in the limit as
d approaches zero, equations (6) do not yield the correct single surface reflectance coef-
ficient for a bare substrate. This is the analytic counterpart to the statement made pre-



viously that interference effects must be considered for very thin films.

The double integral over A and £ required in equation (4) was evaluated numeri-
cally on an IBM 7094 computer. A Simpson rule integration subroutine that was accu-
rate to five significant figures was used. Finite wavelength limits on the A integration
were a minimum of 2 and a maximum of 200 micrometers. These limits effectively
cover the wavelength interval of significant energy for 300 K blackbody incident radia-
tion.

The temperature of the radiation source in the experiment of Caren et al. was
290 K. The temperature of the radiation source in Merriam's experiment was 302 K.
Both temperatures yielded the same numerical results for total absorptance. Thus, the
small temperature difference between the two experiments does not prevent a quantita-
tive comparison of their results.

OPTICAL CONSTANTS

Appropriate optical constants (n, k) of the film and substrate must be chosen to apply
the theory. Both polished metal and metal coated with black paint were used for sub-
strates. Considering first the polished surfaces, Caren et al. used polished aluminum
whose measured total absorptance for the incident radiation was 0. 07 (reflectance,
0.93). Merriam used polished nickel whose measured absorptance was 0.065 (reflec-
tance, 0.935). Although n(2) and k(A) for aluminum and nickel vary considerably in the
infrared, the important quantities in the present work are the reflectances obtained from
the n,k, and these vary slightly in the infrared (ref. 9). The optical constants of alu-
minum and nickel were therefore assumed to be equal to each other and independent of
A. This is a greybody assumption. Empirical greybody optical constants n_, kg were
chosen by finding ng, k such that RH = 0. 932, where RH is the hemispherical re-
flectance of the bare metal surface. The value of 0. 932 represents a compromise be-
tween the reflectances of aluminum (0. 930) and nickel (0. 935). The corresponding ab-
sorptance is 0.068. Since the ng,k were assumed to be independent of A, the total
hemispherical reflectance for incident blackbody radiation also will be equal to 0. 932.

It is recognized that an infinite number of pairs of n,k yield the same RH. The
approach used herein is to seek pairs that are of the same magnitude as the '"handbook'*
optical constants of aluminum at 10 micrometers.

Two reasonable sets of values are Dy kg = 15,29 and n, kg = 20, 32, both of
which yield the same Ry of 0.932. The calculated reflectance of the ice-covered sub-
strate changed by less than 1 percent when one of the pairs was substituted for the other.
Thus, the final results for R(d) are not sensitive to the particular choice of substrate
optical constants n,k as long as they yield the correct bare substrate reflectance.



The optical constants of the black-coated substrate were obtained in the same man-
ner. Only the substrate of Caren et al. was considered. The experimental reflectance
was 0. 14, and the greybody optical constants used were n & kg = 1.5,0.517.

Kisloviskii (ref. 10) has measured the optical constants of ice between wavelengths
of 2 and 200 micrometers. Figure 2 shows the index of refraction n()) and figure 3
shows the extinction coefficient k(\) of ice. The values depend strongly on A so that
the greybody assumption used for the substrate is not attempted for the cryodeposit it-
self,

Before Kislovskii's results can be applied to the present analysis, two important
possible limitations to the use of his data must be noted. The first limitation is related
to the large temperature difference between the cryodeposit at 77 K and Kislovskii's ice
samples at 263 K. The optical constants of dielectrics can have a strong temperature
dependence. However, there is some indication that, for ice, this dependence is not too
severe (ref. 10). Therefore, it is explicitly assumed herein that the Kislovskii values
of n,k are valid at the lower temperature.

The second limitation 1s related to the difference in density between ice frozen from
water (density, 0.917 g/cm ) and the ice film in the experiments discussed herein (den-
sity, 0.49 to 0.63 g/cm”). Density differences between two samples of a given material
can lead to a difference in the optical constants of the two samples. Therefore, the
values of the optical constants of bulk ice should be corrected to apply to lower density
ice films. There are several ways of doing this, one of which is simply to reduce the
extinction coefficient k by the ratio of the density of the ice film to the density of the
bulk sample. Merriam, in fact, has calculated «/(d) for his lowest density cryodeposits
using this method of correction. On the other hand, the method employed here is a ver-
sion of that discussed by Heavens (ref. 11) and Aronson et al. (ref. 12). In this method,
the Clausius-Mossotti relation (ref. 13) is used to relate the density of the medium to
the complex index of refraction of the medium. Thus, if n,k are the optical constants
of a sample of density p and n,k are the optical constants of a sample of density p,

(n+ 1k)2 -1_1(@m+ ik)2 - 0

1
p (n+1k) +2 P (n+1k) + 2

Equation (7) was used to obtain a common set of corrected optical constants for the
films of Caren et al. (p = 0.63 g/cm ) and Merriam's films for which p = 0.55 gram per
cubic centimeter. The corrected n,k denoted by n,k are shown in figures 2 and 3.
Merriam has also obtained films of lower density (p = 0. 49 g/cm ) by a slower deposi-
tion rate. A different set of optical constants, denoted by n,k was obtained for these
slowly deposited films. They are also shown in figures 2 and 3. Note that the corrected
optical constants are generally of lower magnitude than the bulk values. The positions
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of the various maximums and minimums are unchanged.

In the past, Kislovskii's optical constants have been considered to be the best avail-
able; however, recently they have been criticized by Irvine and Pollack (ref. 14). Based
on a critical review of the existing literature, they present a revised ''best available'"
set of optical constants. Their optical constants are presented in table I and differ sig-
nificantly from Kislovskii's. Since Kislovskii's data are usually taken as the ''standard
optical constants, ''" most of the numerical results have been obtained using them. How-
ever, for the purposes of comparison, one calculation is presented using the optical con-
stants of Irvine and Pollack.

RESULTS AND DISCUSSION

The absorptance of ice films as a function of thickness has been calculated for a
variety of situations. The results for rapidly deposited films and slowly deposited films
on polished metal substrates are shown in figures 4 and 5, respectively. The results for
the black-painted substrate are plotted in figure 6. The experimental data obtained by
Caren et al. and Merriam are also plotted in the relevant figures. The results of the
theoretical calculations are discussed, followed by a comparison of theory with experi-
ment.

Theoretical Results

The effect of interference can be seen by comparing results for the same set of n,k
and the same substrate. The usual indication of interference, the periodic variation
of absorptance as a function of thickness, is absent. The averaging over 6 and A has
washed out the '"fringes'' and resulted in a very smooth variation of absorptance with
thickness. For d = 4 micrometers, the difference between the results obtained for in-
terfering or noninterfering waves is negligible. For d < 4 micrometers, interference
effects are important if the substrate reflectance is high and are not important for the
black-painted substrate. The difference between the interference and noninterference
cases is greatest for films approximately 1 micrometer thick on the polished metal sub-
strates. For this situation, the effect of interference is to lower the absorptance by
nearly a factor of 2.

As mentioned previously, Merriam has also calculated «(d) for the lowest density
cryodeposits assuming no wave interference. His calculational procedure differed from
the method described herein in his method of correcting the optical constants of ice for
a reduced density and by using only the real part of the complex index of refraction
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of ice to compute the vacuum-ice reflection coefficient (r 1s’ rlp).

Merriam's results are plotted as curve C (fig. 5) and should be compared with
curve A obtained with the present analysis. The results of the two calculations agree
for d less than 1 micrometer, but for d greater than 1 micrometer, his results are
lower than those presented herein. A computer investigation of the discrepancy showed
that neither the use of the complete index of refraction nor the different density correc-
tion was responsible for the discrepancy. The discrepancy was actually caused by the
use of two different extinction coefficient distributions of ice over the wavelength inter-
val from 7 to 10 micrometers. Merriam used an extinction coefficient distribution that
was lower than that used in this analysis and thus obtained a smaller value of «/(d).
Merriam chose to have k()) vanish at A = 8 micrometers, while the k(x) shown in fig-
ure 3 vanishes at A = 7 micrometers. The actual zero point is open to interpretation
because of the manner in which Kislovskii plots his optical constants. Unfortunately,
this zero point occurs near the peak of the 290 K blackbody energy spectrum causing the
results to be rather sensitive to the actual value of the extinction coefficient used in this
wavelength interval.

The results of the calculation using the set of n,k (corrected for reduced density)
given in table I (from ref. 14) are plotted in figure 5 as curve D. The absorptance ob-
tained in this manner is much lower than that predicted by either the analysis of refer-
ence 4 (curve C) or that based on figure 3 (curve A).

This comparison of theoretical predictions points out quite clearly that, before any
conclusion can be drawn from a quantitative comparison with the experimental data,
more accurate optical constants that have been validated must be available for use.

For large values of d (=100 pm), the prominent features of the curves in figures 4
and 6 are (1) «7(d) is independent of the substrate absorptance, (2)./(d) is essentially in-
dependent of d, and (3) the corrected optical constants, corresponding to a low-density ice
film, yield a slightly higher asymptotic absorptance (curves C and D, fig. 4) than the
original optical constants (curves A and B). These features may be understood as
follows: for both sets of n,k, the extinction coefficient is nonzero, except for the re-
gion near A = 2 micrometers, where the energy in an approximately 300 K blackbody
spectrum is negligible. Thus, for sufficiently large d, all the radiation refracted into
the ice is absorbed before it reaches the substrate; that is, the ice is effectively opaque.
The absorptance must therefore be independent of the substrate for large d. In addi-
tion, the absorptance is independent of d since it is simply given by 1 minus the reflec-
tance of the vacuum-ice interface. The reflectance of the vacuum-ice interface for low-
density ice is smaller than that of the normal-density ice. Thus, more energy is re-
fracted into, and absorbed by, low-density ice than normal ice. The absorptances differ
by only about 3 percent for these large thicknesses. This insensitivity to the exact
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values of n,k may be the result, in part, of the fact that the reflectance is averaged
over both 6 and .

For smaller values of d (<20 pum), the ice film is semitransparent, and most of the
radiation refracted into the ice can reach the substrate. Thus, the substrate absorp-
tance is a major factor in determining the absorptance of the cryodeposit complex, a
highly absorbing substrate yielding a highly absorbing cryodeposit complex (see fig. 6).
On the other hand, a thin cryodeposit on a highly reflecting substrate yields a cryode-
posit complex with small absorptance (see figs. 4 and 5), since most of the radiation is
reflected through the cryodeposit and into the vacuum. In this case, the absorptance of
the cryodeposit complex is mainly the result of absorption of radiation by the cryode-
posit, rather than direct absorption by the substrate itself. Low-density ice has a
smaller absorption coefficient than normal-density ice. On a highly reflecting substrate,
low-density ice will yield a smaller value of the cryodeposit complex absorptance than
will normal-density ice on the same substrate. This behavior for d less than 20 mi-
crometers is demonstrated by the difference between curves A and C (fig. 4). The
""crossover' thickness, that is, that thickness at which cryodeposits of different densi-
ties have equal absorptance, is approximately 20 micrometers.

Now that a specular model of the cryodeposit complex has been analyzed, the effect
of voids and rough interfaces can be briefly considered. The most important effect of
voids is to scatter radiation out of the cryodeposit, thus lowering the absorptance. For
a highly absorbing cryodeposit, this effect is not large because the scattered radiation is
mostly reabsorbed before it leaves the cryodeposit.

The effect of surface roughness depends on the details of the surface profile. First,
consider the case in which multiple reflections between facets of the vacuum-ice inter-
face do not occur, but the surface is still rough enough to be appreciably nonspecular.
Although the distribution of radiation reflected from such a surface is different from that
reflected from a smooth surface, the hemispherical reflectance of the two surfaces may
have the same value (ref. 15). Therefore, the hemispherical absorptance of a thick ice
cryodeposit, which depends only on the properties of the vacuum-ice interface, is not
sensitive to a slight roughness of the interface. On the other hand, if a slightly rough
surface is one interface of an optically thin film, the hemispherical absorptance (or re-
flectance) of the thin-film complex is more sensitive to surface roughness. It has al-
ready been mentioned that the interference which leads to lower absorptance can be
eliminated by surface roughness. The roughness can also allow radiation to propagate
in the film in directions outside the cone of refracted radiation allowed by Snell's law of
refraction. This results in increased absorptance since these oblique rays have longer
paths in the film than the normally refracted rays and thus suffer increased absorption.

Finally, if the profile is irregular enough to allow multiple reflections between sur-
face facets, the absorptance would be greatly increased. Thus, all the effects associ-
ated with surface roughness tend to enhance the absorptance.
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Comparison With Experiment

The general trends of the experimental data are predicted rather well by the specu-
lar analysis. For example, the experimental data presented in figures 4 and 6 indicate
that, for d = 100 micrometers, the absorptance is independent of d and is the same for
both polished and black-painted substrates. This behavior agrees with the analysis pre-
sented herein for thick ice cryodeposits. Unfortunately, the predicted density depend-
ence of the absorptance of thick cryodeposits noted in the figures cannot be verified be-
cause experimental data are lacking for thick cryodeposits of different known densities.

Consider now the question of wave interference. For the rapidly deposited cryode-
posits (fig. 4), the theory based on interfering waves (curves A and C) predicts too low
an absorptance for d of approximately 1 micrometer. The predictions based on nonin-
terfering waves (curves B and D) are closer to the data. The tentative conclusion to be
drawn is that the rapidly deposited films are too uneven to allow the multiply reflected
waves to interfere. For the slowly deposited films (fig. 5), the predictions of the inter-
ference and noninterference theories (curves A and B) effectively bracket the data for
d less than 3 micrometers. Thus, in these cryodeposits it is not possible to state
whether or not interference is taking place.

Although the specular analysis has proved adequate to explain the general trends of
the experimental data, the overall quantitative agreement is only fair. The discrep-
ancies may be due either to the use of incorrect optical constants of ice in the specular
analysis or to nonspecular mechanisms. However, before they are ascribed to nonspec-
ular mechanisms, such as rough interfaces or voids, accurate values of k(1) must be
used.

This last point is illustrated by considering the absorptances shown in figure 5 for .
d in the range from 2 to 10 micrometers. If the values of k(X) presented in figure 3
are valid, curve A is the correct specular prediction and the discrepancy between
curve A and the data may be due to the effect of voids which scatter radiation out of the
cryodeposit, thus lowering the absorptance. On the other hand, if the extinction coeffi-
cients presented in table I are valid, curve D is the correct specular prediction and the
discrepancy may be due to surface roughness which raises the absorptance. Finally, if
the extinction coefficients used by Merriam are correct, curve C is the correct specular
prediction, and the specular hypothesis is consistent with the data.

CONCLUDING REMARKS

The absorption of isotropic 300 K blackbody radiation by ice cryodeposits on metal
substrates was analyzed theoretically. The analysis was based on the hypothesis that
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the cryodeposit reflected the incident radiation specularly. This specular model of the
cryodeposit complex was developed with the equations of classical thin-film optics. The
expressions for the monochromatic, unidirectional reflectance took account of both in-
terfering and noninterfering multiply reflected waves. The reflectance (and, hence, ab-
sorptance) of the system for the incident isotropic blackbody radiation was obtained by
integrating the monochromatic, unidirectional reflectance over wavelength and angle of
incidence.

The general features of the existing experimental data were in accord with the theo-
retical predictions. However, a comparison of theory with experiment did not permit
any conclusion to be drawn concerning the detailed optical characteristics of cryodeposits
such as specularity, diffuseness, or interference. Before definitive statements con-
cerning these characteristics can be made, both more accurate optical constants, that
have been validated, and the proper experimental data must be available. For example,
interference effects should be investigated using monochromatic light to allow the ap-
pearance of the characteristic fringes and the specularity of cryodeposits should be de-
termined by making biangular reflectance measurements.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, February 5, 1969,
124-09-18-04-22.
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Figure 1, - Model of cryodeposit complex. Also depicted are a few light rays in the cryodeposit.
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Figure 5. - Absorptance of slowly deposited ice cryodeposits on polished metal
(nickel) substrate. Deposition rate, ~1077 gram per square centimeter per
second; cryodeposit density, 0.49 gram per cubic centimeter,
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